The transmembrane protein Cx43 has key roles in fibrogenic processes including inflammatory signaling and extracellular matrix composition. aCT1 is a Cx43 mimetic peptide that in preclinical studies accelerated wound closure, decreased inflammation and granulation tissue area, and normalized mechanical properties after cutaneous injury. We evaluated the efficacy and safety of aCT1 in the reduction of scar formation in human incisional wounds. In a prospective, multicenter, within-participant controlled trial, patients with bilateral incisional wounds (≥10 mm) after laparoscopic surgery were randomized to receive acute treatment (immediately after wounding and 24 hours later) with an aCT1 gel formulation plus conventional standard of care protocols, involving moisture-retentive occlusive dressing, or standard of care alone. The primary efficacy endpoint was average scarring score using visual analog scales evaluating incision appearance and healing progress over 9 months. There was no significant difference in scar appearance between aCT1-or control-treated incisions after 1 month. At month 9, aCT1-treated incisions showed a 47% improvement in scar scores over controls (Vancouver Scar Scale; P = 0.0045), a significantly higher Global Assessment Scale score (P = 0.0009), and improvements in scar pigmentation,
INTRODUCTION
Scar formation is an inevitable outcome of wound healing and can result in undesirable changes in skin mechanical integrity and function, as well as cosmetic disfiguration. An estimated 322 million surgical procedures are required annually, often resulting in significant scarring (Rose et al., 2015) . The appearance of the scar is of utmost importance to patients, often reported as a greater concern than a successful outcome of the surgical procedure (Bush et al., 2010a (Bush et al., , 2010b . Currently, no single therapy is universally accepted as the standard of care (SOC) to reduce postsurgical scarring, and, with the recent exception of silicone steroid gels designed for the treatment of hypertrophic and keloid scars (Chittoria and Padi, 2013; Medhi et al., 2013) , no US Food and Drug Administration-approved products have produced consistent results for preventing, reducing, or eliminating excess deposition of scar tissue (Bush et al., 2011; Tziotzios et al., 2012) .
Additional treatment options currently include regimens involving surgical revision, laser, radiation, corticosteroids, and alternative topical therapies that remain predominantly symptomatic, empirical, unpredictable, and largely ineffective (Bayat et al., 2003; Meier and Nanney, 2006; O'Brien and Jones, 2013) . Because severity in scarring outcome is linked to intrinsic processes of wound healing, surgical revision commonly results in recurrence and evidence in support of the efficacy of laser therapies are largely anecdotal (Mustoe, 2004) and associated with conflicting reports of success (Smit et al., 2005) ; antiscarring therapies that act prophylactically to prevent poor outcome are needed. Systematic comparative review of current therapies is hampered by the fact that supporting clinical evidence from controlled prospective randomized studies are nonexistent or insufficient because of small samples, variable evaluation methods, and short follow-up (Baker et al., 2009; Monstrey et al., 2014; O'Brien and Jones, 2013) . Although predominantly effective only in the treatment of keloids, intralesional injection of corticosteroids is the only invasive scar management option that currently has enough supporting evidence to be recommended in evidence-based guidelines (Middelkoop et al., 2011; Mustoe et al., 2002) . Recently, a direct comparison of 39 clinical reports involving 1,703 patients showed little clinical evidence to support the efficacy of topical treatments including imiquimod, mitomycin C, and plant extracts such as onion extract, green tea, Aloe vera, vitamins E and D applied to healing wounds, mature scar tissue, or fibrotic scars after revision surgery or in combination with more established treatments such as steroid injections and silicone (Sidgwick et al., 2015) . Those therapies that show clinically significant effects on scar appearance may be cumbersome, limited in efficacy to specific scar types, or associated with severe adverse effects for what is typically minor improvement (Baker et al., 2009; Monstrey et al., 2014; Tziotzios et al., 2012) .
directly link the cytoplasm of adjacent cells (gap junctions) or permit cell-extracellular paracrine communication (hemichannels)-as a potential antiscarring therapy (Ghatnekar et al., 2009; Qiu et al., 2003; Rhett et al., 2008) . Cx43 is expressed in both epidermal and dermal cutaneous layers and has key regulatory assignments in wound repair and the processes of re-epithelialization, neovascularization, collagen deposition, and extracellular matrix remodeling (Churko et al., 2012; Cogliati et al., 2015; Ghatnekar et al., 2009; Hunter et al., 2005; Marquez-Rosado et al., 2012; Rhett et al., 2011) . Hemichannels comprised of Cx43 are critical determinants of inflammatory, edematous, and fibrotic processes occurring in response to wounding, mediating purinergic signaling, and the release of proinflammatory and cytotoxic molecules (Calder et al., 2015; Lorraine et al., 2015; O'Carroll et al., 2013; Rhett et al., 2014) . aCT1 is a 25-amino acid peptide designed to mimic the carboxyl terminus of Cx43 (Ghatnekar et al., 2009; Hunter et al., 2005; Rhett et al., 2011) . At the molecular level, aCT1 inhibits the activity of Cx43 hemichannels by inducing their sequestration from the perinexus region surrounding gap junctions, thereby reducing hemichannel density and availability for activation within the cell membrane (Rhett et al., 2011) . On the macroscopic level, aCT1 treatment of mouse and pig skin wounds increases wound closure rate, decreases inflammatory neutrophil infiltration, and reduces granulation tissue area (Ghatnekar et al., 2009) . Published clinical trials on the use of aCT1 to treat diabetic foot and venous leg ulcers have shown efficacy in increasing re-epithelialization rates of both types of pathological wounds Grek et al., 2015) . Despite evidence that targeting Cx43 lowers granulation tissue deposition, no clinical studies have been conducted to evaluate therapeutic potential in scar prevention. We now report the results of a randomized, observer-blinded, within-participant control, multicenter proof-ofconcept study aimed at assessing the efficacy and safety of topically delivered aCT1 in the reduction of scar formation in surgical wounds.
RESULTS
Eligible patients were recruited from October 1, 2011, through September 26, 2012, from seven centers in India. A total of 95 Asian Indian patients were selected for incision randomization to receive aCT1 treatment immediately and 24 hours later in association with SOC or SOC alone (Figure 1 ). Analyses of baseline demographics and clinical characteristics showed a higher number of female participants and the primary laparoscopic incision site locations as epigastric, hypochondrial, and umbilical (Table 1) .
Efficacy
Primary efficacy analyses: Vancouver Scar Scale-The primary efficacy endpoint was the average scarring score at 9 months using the Vancouver Scar Scale (VSS). Figure 2a provides representative images of paired treated and untreated laparoscopic scars from a participant immediately after surgery and at the final 9-month scar assessment. The mean VSS score of aCT1-treated incisions was significantly lower (47% lower) (Figure 2b ) than control scars in the ITT population at month 9 (ITT: P = 0.0238; PP: P = 0.0521) ( Table 2) . Sensitivity analyses were conducted to assess result robustness. Using the last observation carried forward approach to account for missing data points, aCT1-treated incisions showed a significantly improved VSS at month 9 compared with control-treated incisions (ITT: P = 0.0056; PP: P = 0.0260). Because the 9-month VSS data showed a non-Gaussian distribution (P < 0.0001), nonparametric analyses were performed. These analyses similarly showed a significant improvement in mean VSS score at 9 months with aCT1 treatment (P = 0.0045, Wilcoxon Mann-Whitney U test; P = 0.0046, Wilcoxon signed rank test).
The VSS consists of the sum of four equally weighted subcategories: scar height (a visual index of scar hypertrophy), pigmentation, vascularity, and pliability (scar suppleness). Subcategory analyses indicated statistically significant improvement in scar pigmentation (P = 0.0076) and pliability (P = 0.033) at 9 months in incisions treated with aCT1 (see Supplementary Table S1 online).
Participant sex, body mass index (BMI), and incision location were significant factors affecting mean VSS score. Mean VSS score at month 9 was significantly (P = 0.0058) lower in men than in women. At month 9 participants with a BMI of 20-25 kg/m 2 had significantly lower (P = 0.0075) mean VSS scores compared with those with BMIs less than 20 kg/m 2 and greater than 25 kg/m 2 . Incisions located at the supra pubic region had the lowest mean VSS score (0.2, standard deviation [SD] = 0.41) and those located at the umbilical region had the highest mean VSS score (1.4, SD = 2.12) at the end of the study. Although incision location significantly affected mean VSS at 9 months (P = 0.0246), incision location was not significantly biased to either treatment group (Table 1) . When both treatment and baseline incision size were considered, factor analyses showed a significant effect on scarring outcome (ITT: P = 0.0051; PP: P = 0.0083). Critically, there was no significant variation in the mean baseline incision size between the treated or control groups (ITT: P = 0.6985; PP: P = 0.5495).
Efficacy analyses involving incision evaluation at earlier time points did not show a significant difference in VSS scores between aCT1-treated or control incisions (Table 2) . At 1 month, the appearances of treated and control incisions were judged to be near identical on the VSS metric. At months 3 and 6, mean VSS scores for aCT1-treated incisions were 12.9% and 16.7% lower, respectively, over control-treated incisions ( Figure 2 and Table 2 ). Overall, aCT1-treated incisions showed statistically significant better (lower) VSS scores compared with controls (ITT: P = 0.0017; PP: P = 0.0038).
Secondary efficacy analyses: Global Assessment Score and the Patient and Observer Scar Assessment Scale-Secondary efficacy analyses included using the Global Assessment Score (GAS) and the Patient and Observer Scar Assessment Scale (POSAS) to visually assess scarring outcome. The mean GAS score was significantly improved in aCT1-treated incisions (P < 0.05) compared with control incisions at all time points in both the ITT and PP populations, except at week 2 in the PP population and at month 1 in both ITT and PP analyses (Table 3) . Although aCT1-treated incisions showed lower mean scores compared with control scars at week 2 and at months 3, 6, and 9 by observer (assessing investigator), patient POSAS assessment at week 2 and at months 1, 3, 6, and 9 did not show statistically significant differences (Table 3) . Sensitivity analysis showed a significant improvement in scarring outcome with aCT1 treatment only at month 9 as assessed by both investigator GAS (investigator, ITT and PP: P < 0.001) and POSAS (patient, ITT: P = 0.0458; PP: P = 0.0009 and observer, ITT: P = 0.0069; PP: P = 0.0019).
The POSAS visual analog score consists of the summed scores from five subcategories of scar properties in the observer applied assessment (scar vascularization, pigmentation, thickness [similar to scar height/hypertrophy in the VSS], surface roughness, and mechanical pliability) and six subcategories in the patient-assessed variables (scar pain, itchiness, color, stiffness, thickness, and surface area/irregularity). In subcategory analyses, both observers and patients reported a statistically significant improvement in scar thickness (observers, ITT: P = 0.0234; patients, ITT: P = 0.0213) and pliability (observers, ITT: P = 0.0333; patients, ITT: P = 0.00449) at month 9 with aCT1 treatment. Subcategory means and SDs for VSS and POSAS are provided in Supplementary Tables S1 and S2 online. No statistically significant variance in subcategory means was evident within any visual analog scale at the 1-month time point. Collectively, subcategory data indicated that the pigmentation, thickness, surface roughness, and mechanical suppleness of the scar were variables that likely most contributed to perceived improvement in scarring associated with aCT1 treatment at month 9.
In addition to on-site evaluations, exploratory efficacy analyses were conducted by clinically qualified independent and blinded central examiners using incision photographs. No statistical difference in scar appearance was discriminated at the 1-month time point (ITT: P = 0.5578, PP: P = 0.7506; Wilcoxon signed rank test). However, in accordance with on-site analyses, independent examiners reported that mean GAS showed statistical improvement (ITT: P = 0.0009; PP: P = 0.0018; Wilcoxon signed rank test) in overall scar appearance of aCT1-treated versus control incisions at month 9. Incision healing rates (as assessed by investigator-reported wound closure; 100% re-epithelialization) were comparable between the two treatment groups in both ITT and PP populations.
Safety analyses
Safety analyses were conducted on all participants who received at least one treatment dose (n = 92). This included a participant who received treatment but withdrew consent before post-baseline efficacy assessment. A total of 43 adverse events (AEs) were reported in 16 of 92 (17.4%) participants. A total of 41 incision site AEs (aCT1 = 23[56.1%]); control 18 = [43.9%]) were reported and included infection and secondary complications (e.g., edema, erythema, wound secretion, and pain). All AEs (97.7%) were considered mild, with the exception of one AE (2.3%) of cough that was considered moderate in severity (Table 4) . Wound infection was observed in two participants (aCT1 = 1, control = 1) and was not statistically related to treatment. The most common AE was incision site pain, occurring in eight (8.7%) incisions receiving aCT1 and six control incisions (6.5%). One AE (incision site infection) was considered possibly related to the study treatment; it was mild in severity, and the patient recovered. The remaining AEs were reported as unlikely related or not related to treatment. No participants withdrew or discontinued study treatment because of an AE. Immunologic testing using a validated ELISA (WuXi Apptec, Philadelphia, PA) showed no detection of aCT1 antibodies in participant serum.
DISCUSSION
This proof-of-concept study supports the clinical potential of targeting Cx43 in improving the scarring outcome of surgical incisions. The within-participant control design of this trial provides a robust test of efficacy, enabling direct comparison of treatment and control incisions while accounting for intrinsic genetic and environmental factors that may affect wound healing and subsequent scar formation. The incorporation of the Cx43 mimetic peptide aCT1 in acute (within the first 24 hours) SOC treatment of laparoscopic surgical incisions significantly improved scarring, as confirmed in both parametric and nonparametric data analyses, at 9 months after surgery.
An improvement of visual analog scores of 10-15% over control treatment scores has been considered clinically meaningful (Ferguson et al., 2009 ). aCT1-treated incisions showed a 13% improvement over control at 3 months, 17% improvement at 6 months, and 47% improvement at 9 months, validating aCT1's clinical potential. Blinded incision analyses at the 1-month time point showed little difference in scar appearance between aCT1-treated and control incisions. These data suggest that the long-term improved scarring outcome associated with aCT1 treatment cannot be predicted by early visual analyses of incisions. Molecular and histological analyses of tissue biopsy samples will likely provide insight into the mechanisms underlying improved scarring outcome associated with acute aCT1 treatment. Early (at the time of wounding) therapeutic intervention may alter the initial and subsequent wound microenvironment, serving to reroute the scarring response, resulting in altered inflammatory responses, altered myofibroblast numbers and kinetics, reduced collagen deposition, and cytoskeleton organization that more closely matches unwounded skin. Abnormal deposition and reorganization of collagen is a critical contributing factor in scarring (Xue and Jackson, 2015) . Preliminary analyses of tissue biopsy samples from Phase 1 aCT1 dose-optimization studies suggest that although biopsy scars show marginal differences in superficial appearance at 29 days after injury, granulation tissue in the basal part of the dermis, deep within healed aCT1-treated wounds, shows patterns of collagen order, density, and maturity that differ significantly from paired placebo control wounds (R. Gourdie, personal communication). These changes in the organization of basal granulation tissue in aCT1-treated wounds would likely not be observable at the scar surface at early time points but may underlie the improved scarring outcome that becomes visually discernable at later time points. Improvement in scar appearance in aCT1-treated incisions was consistent across visual analog scales, including the VSS, GAS, and POSAS scales, although only statistically significant in ITT analyses. Patient assessment using the POSAS indicated similar trends to Grek et al. Page 6 J Invest Dermatol. Author manuscript; available in PMC 2018 March 01.
those reported by investigators; however, these were not statistically significant. Sensitivity analyses using the last observation carried forward approach to account for missing data supported the conclusions reached and showed the robustness of these conclusions.
Mathematical extrapolation of our data shows that the differences between aCT1 peptide and control incisions will widen with time and therefore provide a proportional advantage in POSAS. Indeed, the aCT1-induced difference in scarring would be better detected at 12 months. Future clinical trials will involve longer end-point evaluation for primary efficacy measures and additional control arms.
Some notable insights on factors potentially mediating treatment-associated improvements in scar appearance, as perceived by investigators and patients, came from the subcategories used to generate the overall scores for the visual analog scales. These data indicated that scar vascularity or redness was likely not a major factor associated with aCT1-mediated improved scarring outcome. Subcategory variables that appeared consistently affected by treatment in both the VSS and POSAS assessments were the thickness or height that the scar was raised above the surface of surrounding skin and the mechanical pliability or stiffness of the scar relative to surrounding skin. These results fit with preclinical wound-healing studies in which biomechanical analyses at 3 months after excisional skin wounding showed that healed skin from wounds treated with aCT1 showed significantly improved mechanical properties (stress and strain measurements) over vehicle controls (Ghatnekar et al., 2009 ). These studies further recapitulated healing trends seen in this study, in which biomechanical analyses of aCT1-treated and control skin at earlier time points (1 month) did not show a significant difference.
A patient's personal belief about the severity of his/her injury has been shown to have a greater influence on quality of life than the actual injury severity (Kennedy et al., 2010; Schut et al., 2014) . As such, patient-defined outcomes are critical in evaluating clinical significance. This being recognized, it is not uncommon for a patient's opinion of the severity of scar physical characteristics to differ from clinical opinion (Hoogewerf et al., 2014; Nicholas et al., 2012) . Scar itchiness and scar thickness have been reported as significant factors influencing patient opinion in terms of scarring outcome (Draaijers et al., 2004) . In agreement with observer analyses, the subcategory variables that appeared consistently affected by aCT1 treatment in the patient POSAS assessments were scar thickness and the mechanical pliability. Scar thickness is an important visual feature of a scar, and this outcome may translate to significant clinical relevance in trials examining the therapeutic potential of aCT1 in the treatment of hypertrophic and keloid scarring, where scar thickness is a pathology-defining characteristic. Our results highlight the importance of statistically evaluating the subcategories associated with each outcome measure. Additional investigation into the importance of these subcategories (pain, itchiness, color, stiffness, thickness, area/irregularity) and incorporating quality of life assessment would be of benefit in terms of interpreting results in future clinical trials examining scarring outcome.
Topical aCT1 treatment was well tolerated, and the AE profile was consistent with Phase 1 and preclinical studies (Ghatnekar et al., 2009) . Incision pain and edema are anticipated because of the nature of the surgery. Wound infections (2%) were observed early in the study, but there was no statistical difference in infection incidence between treatment and control groups. Remaining AEs were mild, with the exception of an incidence of cough, and were considered not related to the study drug.
Pathologic scars result from perturbations in the normal cutaneous wound healing process, where the immune system plays a key role in maintaining a chronic inflammatory activated state in hypertrophic scar tissue (Gauglitz et al., 2011; Wulff et al., 2012) . In porcine and murine wound healing models, aCT1 shortened and reduced the amplitude of the initial inflammatory phase of wound healing, reduced wound gape and edema, accelerated the rate of wound closure, prompted decreases in the area of scar granulation tissue, and promoted restoration of dermal histoarchitecture and mechanical strength (Ghatnekar et al., 2009; Rhett et al., 2008) . At the molecular level, aCT1 selectively inhibits interaction between Cx43 and the second PDZ domain of ZO-1, releasing Cx43 hemichannels from the perinexus, where they are then sequestered into gap junction aggregates (Rhett et al., 2011) . This sequestration causes a reduced membrane density (and hence activity) of hemichannels, concomitant with increases in the extent and function of gap junctions.
Hemichannels have key roles in providing a paracrine route for intercellular communication and are important determinants of various aspects of the wound healing responses, including inflammation, edema, fibrosis, and intercellular propagation of injury (Chi et al., 2014; Lu et al., 2012; Rhett et al., 2014) . Animal model studies have also shown that Cx43 hemichannel blockade reduced infarct size after myocardial infarction (Hawat et al., 2012; Wang et al., 2013) and decreased glial scarring in both ischemic stroke (Davidson et al., 2015) and spinal cord injury models (Umebayashi et al., 2014) . In the context of skin healing and hypertrophic scarring or keloid formation, modulation of Cx43 expression levels has been shown to control the balance between fibroblast proliferation and apoptosis, as well as extracellular matrix deposition (Lu et al., 2007) .
We hypothesize that aCT1's coordinated reduction in Cx43 hemichannel activity and stabilization of Cx43 gap junction aggregates mediates inflammatory responses and mitigates the cellular and molecular processes involved in fibrosis, hypertrophy, and hypergranulation that are responsible for scar formation during wound repair. Most currently applied clinical therapies are largely nontargeted approaches to pathway-specific processes. In addition to tempering excessive/harmful inflammatory responses via reductions in hemichannel activity, preliminary analyses of epidermal and dermal granulation tissue markers in skin biopsy samples suggests that aCT1 has roles in mediating fibroblast motility and collagen deposition within basal granulation tissue deep below the epidermis. Therefore, although existing treatments remain symptomatic, empirical, and unpredictable, aCT1 treatment is prophylactic and shows benefit in the long-term improvement of scarring, thus representing a pharmaceutical approach to scar improvement.
An aCT1 topical formulation presents several advantages in terms of clinician ease of use and patient comfort compared with other options such as silicone sheets and corticosteroid injections. Silicone gel sheeting, a recommended first-line therapy for scar management (Chernoff et al., 2007) remains an issue (Maher et al., 2012) . Corticosteroid injections have been used to soften and shrink existing keloid scars (Berman and Bieley, 1996) but are associated with little to no efficacy in the treatment of hypertrophic and normal scars, as well as with adverse effects including skin atrophy, depigmentation, and telangiectasias. Renovo (Manchester, United Kingdom) has evaluated injectable TGF-β3 (avotermin) for scar minimization. However, Phase 3 trials indicated failure to meet study endpoints (Ferguson et al., 2009; Zielins et al., 2014) . Topical application of aCT1 offers a straightforward, limited-treatment, office-based regimen that does not depend on patient compliance. Further, topical aCT1 treatment has proven safe and efficacious in the treatment of diabetic foot ulcers and venous leg ulcers of varying size: it halved the healing time of both pathologic wound types Grek et al., 2015) . Further clinical analyses need to be conducted to evaluate aCT1 efficacy in scar mitigation for additional wound types and sizes.
Limitations of the current study include a gender gap, possibly because of the fact that more women were eligible and available for recruitment. In addition, given that statistically significant difference in scar reduction was not observable between treatment groups at early time points, a longer duration of assessment of scar reduction may yield more significant results. Future controlled clinical trials will involve larger, more ethnically diverse and sexdiverse patient populations, as well as larger wound sizes and longer study durations.
This proof-of-concept clinical study supports a role for Cx43 as a regulator in wound healing and scarring and provides evidence of effectiveness and safety of a topically applied Cx43-based therapeutic in improving scar appearance of laparoscopic surgical incisions when used in association with SOC protocols. Given the ease of application and limited application protocol, topically applied aCT1 offers significant potential as a treatment in reducing scarring after surgical procedures. Further investigation will involve mechanistic studies evaluating quantitative collagen structure analyses on aCT1-treated scar tissue and evaluation of aCT1 effects on fibroblast migration, as well as clinical investigation in the treatment of hypertrophic scarring and keloid formation.
MATERIALS AND METHODS

Study design and participants
We conducted a prospective, randomized, observer-blinded, within-participant control, multicenter study at seven centers in India to assess the efficacy and safety of aCT1 in reducing scar formation in surgical incisional wounds after laparoscopic surgery. The study protocol was approved by all institution ethics committees, was conducted in compliance with the principles of the Declaration of Helsinki and International Conference on Harmonisation of Technical Requirements for Registration of Pharmaceuticals for Human Use (ICH) guidelines and was granted regulatory clearance/approval by the Drug Controller General of India (Clinical Trials Registry India: CTRI/2011/09/002004). The study protocol was registered and published before the date of first enrollment and therefore before any statistical analyses were initiated. Participants were notified of potential risks and benefits, were given the option to withdraw at any time, and signed informed consent forms before enrollment.
Eligible men and women, 18 years or older, undergoing laparoscopic surgery procedures involving at least two 10-mm or greater full-thickness surgical incisions, were recruited. Principal exclusion criteria (see Supplementary Table S3 online) included history of skin irritation, infections, keloids, collagen vascular diseases, and medical conditions/medications that may affect healing outcome.
Study protocol
Randomization, blinding, and intervention-After confirmation of eligibility, participants were registered in an online database, and treatment allocation was made preoperatively. Using the Interactive Web Response System, two bilateral laparoscopic incision sites (≥10 mm) on the same participant at comparable locations were chosen to be randomized 1:1 to receive 100 μmol/L (0.036%) aCT1 topical formulation plus SOC or SOC alone. An unblinded coordinator designated by the investigator received the assigned treatment through the Interactive Web Response System. Randomization lists were prepared centrally using a validated computer program (SAS 9.1.3, SAS Institute, Cary, NC). Trial sponsor, trial monitors, statisticians, and the observer who performed assessments were blinded to treatment assignments.
The intervention (aCT1 gel formulation) is manufactured as a clear topical gel formulation (1.25% hydroxyethyl cellulose) containing aCT1 (100 μmol/L). Preclinical studies validated the efficacy and safety of a 100 μmol/L aCT1 concentration (Ghatnekar et al., 2009 ). aCT1 dosing strategies were further optimized in a Phase 1, double-blind, single-center controlled study designed to evaluate the safety and tolerability of 20-, 50-, 100-, and 200 μmol/L concentrations of aCT1 versus vehicle control in 48 healthy participants after punch biopsy. This study recapitulated preclinical studies that indicated optimal safety and therapeutic efficacy (in terms of accelerating wound closure and reducing scarring without treatmentrelated AEs) at 100 μmol/L of aCT1 concentration. The treatment regimen, at the time of incision closure and 24 hours later, was based on ongoing insight into the mode of action of aCT1 (Ghatnekar et al., 2009; Hunter et al., 2005; O'Quinn et al., 2011; Rhett et al., 2011) . Trial site-specific research-trained nurses not acting as investigators administered two applications of aCT1 to incisions in the treatment group: the first at the time of surgery (application subcutaneously before suturing and then cutaneously over the entire incision site after suturing) and the second 24 hours later (on suture surface). aCT1 gel was dispensed directly from 2-ml glass vials in amounts sufficient to evenly cover the entire surgical incision surface. No guidance was given in the protocol as to the precise quantity of aCT1 for application.
Both treatment (aCT1 treated) and control incisions (SOC alone) received the same SOC. SOC protocols involved moisture-retention protocols involving application of sterile salinesoaked gauze covered with occlusive dressing (Tegaderm, 3M, St. Paul, MN) after suturing. Dressings remained undisturbed for 24 hours, at which point treatment was reapplied and dressings were changed, unless the investigator assessed exudate, leakage, inflammation, or suspected infection and suggested additional intervention. Ongoing SOC protocols involved maintenance of wound moisture and occlusive dressing for at least 1 month after surgery.
Study endpoints-Incision sites were assessed a total of 14 times over the 9 months of the study and involved evaluation of scar appearance, incision site closure, and safety. The primary efficacy variable was reduction in scarring from week 2 to month 9 using the VSS. The VSS is a widely accepted clinical visual analog score of scar appearance, consisting of the sum of scores from four equally weighted subcategories, where each variable has three to six possible scores and summed scores range from 0 (normal skin) to 13 (Bae and Bae, 2014; Lumenta et al., 2014) . Although originally validated for burn scars, studies confirm the validity of the VSS scale to objectively evaluate postsurgical scars (Truong et al., 2005 (Truong et al., , 2007 .
Secondary efficacy endpoints included reduction in scarring from week 2 to months 1, 3, 6, and 9 assessed using the VSS, GAS, and the POSAS and assessment of healing rate and incidence of treatment-related AEs. The GAS score involved blinded investigator (both by an at-site clinically qualified investigator and independently by another qualified investigator centrally) incision and scar assessment, using an analog scale of 1 (worse) to 10 (most improved). The POSAS includes both a patient and investigator evaluation and has been reported to have good internal consistency, interobserver reliability, and correlation with the VSS in the assessment of linear surgical scars (Draaijers et al., 2004; Truong et al., 2007; van de Kar et al., 2005) . POSAS variables are each evaluated on a scale from 1 to 10, where summed scores range from 5 (normal skin) to 50 for the observer assessment and from 6 (normal skin) to 60 for the patient assessment (Draaijers et al., 2004) .
Safety was determined through measurement of vitals, laboratory testing, and AE reporting. Safety variables were incidence of treatment of emergent AEs and infection. AEs were coded using Med-DRA, version 15.1. Laboratory assessments, immunogenicity testing for anti-aCT1 antibodies, and vitals measurements were performed at initial and final study visits.
Statistical analysis
The enrolled sample size was calculated with reference to the primary endpoint (comparing efficacy in improving scar appearance after laparoscopic surgery per the VSS at month 9), assuming a 22% difference in favor of incisions treated with aCT1. A total of least 80 incisions per treatment group was calculated to provide at least 80% power, based on an SD of 46%, and a significance of 95% (two sided). Adjusting for a 15% anticipated dropout rate, a sample size of 92 scars per treatment arm was estimated for primary efficacy analyses. All statistical tests were carried out as two sided on a 5% level of significance. Primary efficacy analyses were conducted on both ITT and PP populations using linear mixed model with repeated measure at a 95% confidence interval with treatment, visit, and their interaction as factors and treatment center, age, sex, incision location, and BMI as covariants, using the PROC MIXED procedure of SAS software. To check the robustness of the results drawn from the primary outcome, sensitivity analysis were performed using analysis of covariance with treatment as factors and treatment center, age, sex, incision location, and BMI as covariates using PROC MIXED procedure of SAS software, using the last observation carried forward approach, where for missing data points the last available observation was carried forward. Investigator wound assessment using the GAS was assessed and compared at each time point between groups using the nonparametric Wilcoxon signed rank test. For the exploratory endpoint, the central investigator evaluated wound closure and scarring outcome at each time point using the GAS through computerized planimetry of digital photographs of incisions using ImageJ software (National Institutes of Health, Bethesda, MD) and analyzed using the Wilcoxon signed rank test.
The Wilcoxon Mann-Whitney U test was used for data in which the normality assumption was tested by Shapiro-Wilk and Q-Q plots. Wound closure and incidence of infection were compared using McNemar test. For comparing incidence of AEs, a two-sample test of proportions for which the statistic is distributed as standard normal was used.
Supplementary Material
Refer to Web version on PubMed Central for supplementary material. (a) Representative images of paired aCT1-treated and standard-of-care control laparoscopic scars from a participant at the beginning (i.e., at surgery) and at the end (i.e., month 9) of the study. Locations of incisions are left hypochondrial and right hypochondrial. (b) Percentage difference between treated and control scars (intent-to-treat population) over 9 months after laparoscopic surgery using the investigator-assessed Vancouver Scar Scale (VSS) and the subcategories from which the summed VSS score is derived: scar pigmentation (orange dashed line), scar pliability relative to surrounding skin (purple dashed line), scar height above the surface of the surrounding skin (green dashed line), and scar vascularity or redness (red dashed line). Treated and control scars show no statistical difference in appearance 1 month after surgery. However, treated scars show progressive improvement relative to control over subsequent months, culminating in a 47% relative improvement in appearance at month 9. Table 2 Summary of Vancouver Scar Scoring Scale over the study Table 3 Summary of GAS and POSAS scores over the 9-month study Table 4 Summary of adverse events by MedDRA system organ class and preferred safety population Percentages were calculated by taking respective column header group count as denominator.
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Percentages were calculated by taking count of total AEs in 16 patients in corresponding treatment group as denominator.
3
Incision site complication included reports of a combination of inflammatory symptoms (e.g., inflammation, redness) categorized as incision site complication per investigator discretion.
